The number of charge changes relative to total amino acid replacements for each of seven protein sequences (cytochrome c, hemoglobin a, hemoglobin p, myoglobin, insulin, and fibrinopeptides A and B) has been studied. This number was compared with the expected value obtained under the assumption of random nucleotide substitution. The results obtained indicate that four proteins-hemoglobin a, hemoglobin p, myoglobin, and insulin-are accumulating charge changes at rates slower than those predicted by a model of random substitution. Cytochrome c and fibrinopeptides A and B are accumulating charge changes at rates similar to those predicted by a random model.
Introduction
Application of the techniques of molecular biology has provided both new insights into evolutionary processes and the development of new methods in the reconstruction of evolutionary history (e.g., Ayala 1976; Nei and Koehn 1983) . Comparison of the amino acid sequences of proteins from extant species provides detailed information regarding evolutionary patterns and rates. Investigation of the rate of amino acid replacements has led to the observation that point mutations appear to occur and be fixed in the genome at reasonably regular rates (e.g., Nei 1975) . Fundamental to an understanding of protein evolution is the elucidation of the underlying mechanisms responsible for the accumulation of amino acid replacements. Specifically, assuming that mutations occur at random at the nucleotide level, exactly how does natural selection edit these alterations to permit an amino acid to replace a previously acceptable codon? Can generalizations be made (e.g., replacement by chemically similar residues [Grantham 1974; Marshall and Brown 1975] ), or is each case unique, being dependent on the role that a particular amino acid plays in the action of that molecule?
The intent of this study is to investigate one particular constraint on amino acid replacement-namely, as a subset of amino acids diverge in a pair of homologous polypeptides, are the four charged residues replaced at random? In this study, we compared seven protein sequences (cytochrome c, hemoglobin ~1, hemoglobin p, myoglobin, insulin, and fibrinopeptides A and B) position by position against homologous sequences from a variety of species, and the number of charge changes that occurred relative to total amino acid replacements were calculated. Comparisons were made between these observed values and expected values calculated for each protein assuming random substitution. Ionic associations between amino acid side chains are known to be important components of protein structure, as well as to form contacts in mul-timeric systems, and could well be a major selective component. Charge changes in protein evolution could be important to electrophoresis-based research that depends heavily on charge variation for identification of allelic variants.
Methods
Single amino acids have three points that may ionize to give a charged molecule: the cl-carboxyl group (ionized negatively at pH values above the 2-3 range), the cl-amino group (ionized positively at pH values below 8.5), and the side group. Peptide bonding stabilizes all but one each of the u-amino and u-carboxyl groups, and these two protein termini have been ignored, since they will be constant across all species. At physiological (and most electrophoretic) pH values, four side chains will be ionized: arginine and lysine will be positively charged, and aspartic acid and glutamic acid will be negatively charged. In summary, each amino acid position in a protein will be defined as being either neutral ( 16 amino acids), + 1 (2 amino acids), or -1 (2 amino acids).
Given this protocol, and using the genetic code, we find that the calculation of the probability that mutations will lead to a charge change for a given amino acid is straightforward. The expectation that charge change will occur in the four charged amino acids is high, whereas that for neutral amino acids is low. Assuming a uniform amino acid composition, we find that the probability that an amino acid replacement will involve a charge change is 0.327 (Nei 1975, p. 25) . However, given the fact that proteins seldom have equal proportions of all amino acids, this theoretical expectation of charge change must be calculated on a per-protein basis. For example, human cytochrome c, with 29% of its amino acids charged, would be expected to change charge at a higher rate than human insulin, which contains only 12% charged amino acids.
The seven proteins included in this study were cytochrome c, hemoglobin a, hemoglobin p, myoglobin, insulin, fibrinopeptide A, and fibrinopeptide B. The species from which the amino acid sequences of these proteins were obtained are listed in table 1. The data for all proteins but myoglobin were from Dayhoff ( 1972 Dayhoff ( , 1973 Dayhoff ( , 1976 Dayhoff ( , 1978 , whereas the myoglobin data came from Romero-Herrera et al. (1978) .
The method of analysis was as follows. First, we analyzed the observed data. For each protein a position-by-position comparison between each pair-wise combination of sequences was made to determine the total number of amino acid replacements. All possible pairwise comparisons between species were made. The data as presented in Dayhoff are such that, with the use of well-placed gaps, even for very different species a majority of the aligned amino acids are identical. Only positions that had one of the 20 common amino acids on both sequences were compared; positions with a gap or an atypical or indeterminate amino acid (usually indistinguishable between aspartic acid and asparagine or between glutamic acid and glutamine) were exempted from further consideration. A tally was kept of the number of amino acid replacements and of the charge differences for each pair. The results of all pairwise comparisons formed a bivariate sample from which we calculated, for each of the seven proteins studied, the slope forced through the origin, SE, and confidence intervals for the ratio of the amount of charge change (dependent variable) to total amino acid replacement (independent variable) (Nie et al. 1975) .
Because proteins differ widely in their amino acid compositions, it is conceivable that each of the seven proteins analyzed could have a widely different average prob- ability of charge replacement. Our next step was to calculate the theoretical value for each protein, assuming random substitution. Two methods were used to calculate the expected relationship between charge change and amino acid replacement. Both methods used as a starting point a consensus protein sequence determined from all species for which data were available. In order to obtain a range of values, initial sequences were also taken from the three species with the highest and the three species with the lowest total charge for each protein.
In the first method (A), for each protein the proportion of amino acids resulting in a charge change was calculated theoretically, using the genetic code. In the second method (B), for each protein the divergence of two homologous sequences to the observed level of amino acid divergence was simulated. In this case, an initial sequence was generated from the overall distribution of all species. (Later, in an effort to determine a range of values, sequences were generated from distributions taken from the three species with the highest and the three species with the lowest total charge.) This sequence was copied to provide two identical initial sequences. Independent nucleotide hits were simulated in the following manner: one of the two sequences was randomly chosen; one of the amino acid positions within this sequence was chosen at random; one of the three nucleotide positions within this amino acid was chosen at random; and then one of the three nucleotides was chosen at random to substitute for this nucleotide. Generation of a stop codon necessitated an alternative nucleotide. The data from the simulation were subject to regression analysis in the same manner as the empirical data. The simulation was performed 100 times per protein.
Results
To more easily detect possible heterogeneity in the data, we also calculated for each species and protein the proportion of total charge changes among total amino acid replacements in the comparison of that species versus all others (see table 1 ). The average of these values for a given protein is given at the end of table 1. The distribution of these values was not statistically different from a normal distribution, except in the case of fibrinopeptide A. For all proteins except fibrinopeptide B and insulin, there are outliers, that is, values that are more than twice the SD from the mean. There is only one outlier that is less than the mean, the comparison of carp to all other species for cytochrome c (0.270). The other outliers are Debaryomyces kloeckeri for cytochrome c (0.463), newt for hemoglobin a (0.368), bullfrog for hemoglobin p (0.330), hedgehog for myoglobin (0.306), and lizard for fibrinopeptide A (0.758).
For the set of all pairwise comparisons for a given protein, a regression analysis was performed, and the observed proportion of charge changes to total amino acid replacements (observed slope, forced through the origin) for each of the seven proteins, along with SE and confidence intervals, is given in table 2. These values vary from a low of 0.205 for myoglobin to a high of 0.572 for fibrinopeptide B. Note that for each protein the mean values in table 1 and the slopes in table 2 are very similar, though a direct comparison cannot be made since they were obtained by different methods.
The plots of all pairwise comparisons, the fitted regression line (forced through the origin), and the expected line assuming random substitutions are given for cytochrome c and myoglobin in figures IA and lB, respectively.
The ratios of charge changes to amino acid replacements obtained by method B are very close to the theoretical values obtained by method A (see table 3 ). These values ranged from a low of 0.295 for insulin to a high of 0.520 for fibrinopeptide B.
Simulations and theoretical calculations from low-charge and high-charge species broadened the range of slope values somewhat, to the greatest degree in the case of fibrinopeptide B.
For the comparison of observed and expected proportions of charge changes, the simulation results, rather than the theoretical results, are used for the expected values because they allow an estimate of the SE of the expected values. The observed and expected slopes from the regression analyses (ratio of charge changes to total replacements), as well as the SEs of these estimates, are summarized in table 4. This provides a test to detect differences between observed and expected values.
Five of the proteins-cytochrome c, hemoglobin a, hemoglobin p, myoglobin, and insulin-have slopes that are significantly less than those of the simulated values. These range from myoglobin, in which the observed slope is only 5 1% of the simulated value, to cytochrome c, which is 92% of the simulated value. However, if we correct the probability levels for the number of comparisons that have been made (i.e., seven proteins), the observed cytochrome c results are not significantly different from those predicted by a model of random substitution. The observed results for fibrinopeptide A are not significantly different from the simulated expectations for it, whereas for fibrinopeptide B the observed slope is significantly greater than that for the simulated results. However, the average slope for fibrinopeptide B, calculated from a priori expectations, is 0.520, which is not significantly different from the observed slope of 0.572.
Discussion
Four proteins-hemoglobin ~1, hemoglobin p, myoglobin, and insulin-of the seven studied appear to be accumulating charge changes more slowly than they would be expected to do at random, suggesting that there may be strong selection against charge changes in these molecules. On the other hand, cytochrome c and fibrinopeptides A and B have rates of accumulation of charge changes similar to those predicted by a random model. These results are not contradicted by observations of particular species that exhibit either more or fewer charge changes than predicted by the genetic code (Hewett-Emmett et al. 1976) . Outliers have been identified in our study. The rates of amino acid substitution for fibrinopeptides A and B are among the fastest known (Dayhoff 1972) . Fibrinopeptides are extremely short molecules, with approximately 16 residues for A and approximately 13 for B. It is difficult to obtain alignments of fibrinopeptides from different species. The shortness and rapid evolutionary rate of these proteins mean that the amino acid composition of the fibrinopeptides will show a large variance and be particularly prone to large stochastic effects. This is demonstrated by the wide range of the ratios of expected rate of charge change to total amino acid replacements calculated from all fibrinopeptide B sequences (0.520) compared with those calculated for the three low-charge (0.569) and the three highcharge (0.434) sequences (see table 3 ). Such a wide range is not seen in the other proteins. The fact that the observed rate of change in fibrinopeptide A matches the expected rate under a random model but that the fibrinopeptide B rate of accumulation of charge changes is higher than the simulation (the a priori expectations are not different) could result merely from such stochastic effects.
The regression analysis that we have performed to calculate the ratio of observed charge changes to total amino acid charges for each protein type is not strictly valid. The regression procedure involves the use of data points from comparisons between pairs of species. Since all possible pairwise comparisons have been made and used in the analysis, this means that all the data points are not independent (Nei and Chakraborty 1976) . However, because the number of comparisons is so large for each protein-that is, n(n -1)/2, where n is the number of species sequences for a particular protein-this effect should be small. Another potential bias occurs because the ancestral sequences are the same for compared lineages. However, this bias is the same for both the observed and the simulated values. Except in the case of fibrinopeptide B, the three low-charge and three high-charge sequences' simulated and theoretical values did not differ greatly from the values calculated using all sequences, a result that further validated this approach.
In our simulations, we also kept track of total protein charge in our diverging lineages. We found that when total protein charge was compared across several species there was a fairly narrow range of total charge for all the homologous sequences, even when charge changes accrue at random or close to random rates. This is because the total protein charge of a diverging sequence is highly dependent on the starting value and hovers around that value for a very long time. It has been noted that a strong predilection exists for maintenance of overall protein polarity at a given level throughout all species (Vogel 197 1; Vogel and Zuckerkandl 197 1) . Our simulations, although not in any way disproving the possibility of selection for total constant charge, indicate that this observation is also consistent for a model with purely random accumulation of charge changes.
All theoretical expectations in this study have been calculated under the assumption of purely random nucleotide substitution, in terms of both the type of substitution that will take place and the site of the substitution. Experimental results suggest several nonrandom components in substitution. Li et al. (1984) found that transitions occur almost twice as often as expected under random mutation. Also, although mutations most likely occur at random with respect to triplet position, the same cannot be true once natural selection acts on the changes. Third-nucleotide substitutions are notable for resulting in similar amino acids. Fitch (1973) and Grunstein et al. ( 1976) both found marked differences in the propensity of the three positions to permanently establish a novel nucleotide. Additionally, in any protein certain amino acid positions are virtually immune from change (Fitch and Margoliash 1967) , whereas others can be considered hypervariable (Fitch and Markowitz 1970) . Even more complicating for any model attempting to predict amino acid replacements is the postulation of the covarion (Fitch and Markowitz 1970; Fitch 197 l) , which states that some relatively constant percentage of the codons of any single sequence are mutable but that as a position does mutate it acts as a pioneer by providing new areas for mutation.
As a first step in the analysis of the forces operating to determine the ratio of the rate of evolution of charge replacements to the rate of total changes in a protein, we have assumed the simplest possible model of random nucleotide substitution. For four of seven proteins examined, the ratio of charge changes to total amino acid replacements was significantly less than this random rate, suggesting that negative selection is important in reducing the rate of charge change (e.g., see Kimura 1983) .
This observation appears to be consistent with the observation of Grantham (1974) that chemically similar amino acids are interchanged more easily than chemically dissimilar ones. A more detailed and realistic model than the one we have considered might specify some requirements and restrictions on allowable amino acid changes for each protein and elucidate the mechanisms responsible for the reduced rate of charge-change replacement. We note that the present analysis cannot determine whether those mutations that do become established in a population are either selectively equivalent to or different from each other.
